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Abstract

Ceftolozane/tazobactam (C/T) is a combination of a novel cephalosporin with tazobactam, recently approved for the treatment of hospital-acquired
and ventilator-associated pneumonia. The plasma pharmacokinetics (PK) of a 3-g dose of C/T (2 g ceftolozane and 1 g tazobactam) administered via
a 1-hour infusion every 8 hours in adult patients with nosocomial pneumonia (NP) were evaluated in a phase 3 study (ASPECT-NP; NCT02070757).
The present work describes the development of population PK models for ceftolozane and tazobactam in plasma and pulmonary epithelial lining
fluid (ELF). The concentration-time profiles of both agents were well characterized by 2-compartment models with zero-order input and first-order
elimination.Consistent with the elimination pathway, renal function estimated by creatinine clearance significantly affected the clearance of ceftolozane
and tazobactam.The central volumes of distribution for both agents and the peripheral volume of distribution for tazobactamwere approximately 2-fold
higher in patients with pneumonia compared with healthy participants.A hypothetical link model was developed to describe ceftolozane and tazobactam
disposition in ELF in healthy participants and patients with pneumonia. Influx (from plasma to the ELF compartment) and elimination (from the ELF
compartment) rate constants were approximately 97% lower for ceftolozane and 52% lower for tazobactam in patients with pneumonia versus healthy
participants. These population PK models adequately described the plasma and ELF concentrations of ceftolozane and tazobactam, thus providing a
foundation for further modeling and simulation, including the probability of target attainment assessments to support dose recommendations of C/T
in adult patients with NP.
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Pneumonia, one of the most common nosocomial
infections, accounts for approximately 20% of health
care-associated infections in the United States, of
which >9% are associated with mechanical ven-
tilation (ventilator-associated pneumonia [VAP]).1–4

The overall attributable mortality rate for VAP is
13%.5 Gram-negative bacteria, including Pseudomonas
aeruginosa and Enterobacterales, are among the pre-
dominant causes of nosocomial pneumonia (NP).2,6,7

These pathogens are often resistant to commonly used
antibacterial therapies, which may complicate treat-
ment and increase the burden on both patients and
health care resources.2,8–10 Therefore, novel antibac-
terial agents that are effective against resistant isolates
are needed.

Ceftolozane/tazobactam (C/T) is a fixed-dose
combination antibacterial agent comprising the
antipseudomonal cephalosporin ceftolozane and
the established β-lactamase inhibitor tazobactam.
C/T has shown potent in vitro and in vivo activity
against gram-negative pathogens, including many
strains of carbapenem-resistant or multidrug-resistant
P. aeruginosa and extended-spectrum β-lactamase-
producing Enterobacterales.11–15 C/T administered

every 8 hours as a 1.5-g intravenous dose (1 g
ceftolozane and 0.5 g tazobactam) was approved
in 2014 for the treatment of complicated urinary tract
infections (cUTIs) and complicated intra-abdominal
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infections (cIAIs), with renal dose adjustments based
on creatinine clearance (CrCL).16 A 3-g dose (2 g
ceftolozane and 1 g tazobactam) given intravenously
every 8 hours was selected for evaluation in patients
with ventilated hospital-acquired pneumonia/VAP in
a recently completed phase 3 pivotal trial (ASPECT-
NP; NCT02070757).17–19 In this study, the 3-g dose was
given to patients with baseline CrCL> 50 mL/min, and
lower 1.5-g (1 g ceftolozane and 0.5 g tazobactam) and
750-mg (500 mg ceftolozane and 250 mg tazobactam)
doses were administered to patients with a CrCL of 30
to 50 and 15 to 29 mL/min, respectively. These dosages
demonstrated favorable efficacy and safety profiles
in adult patients with hospital-acquired pneumonia
(HAP) and VAP.

Both ceftolozane and tazobactam are predomi-
nantly cleared by the kidneys.20 Intrinsic factors as-
sociated with potential target populations, such as
renal function, body weight, and age, could influence
the plasma pharmacokinetics (PK) of these drugs.20,21

The presence of infection may also contribute to PK
variability. In a previously conducted population PK
analysis of healthy participants, patients with varying
degrees of renal impairment and patients with cUTIs or
cIAIs, plasma PK of both ceftolozane and tazobactam
was well described by a linear 2-compartment model
with first-order elimination.21 Renal function estimated
by CrCL was a covariate of the clearance (CL) of
both drugs, whereas body weight was a covariate of
the volume of distribution (Vc) of ceftolozane. The
presence of infection was also a covariate and explained
the variability in CL and Vc for ceftolozane and in Vc

for tazobactam.21

Alveolar compartments such as epithelial lining fluid
(ELF) are considered the site of infection in patients
with pneumonia; therefore, effective treatment requires
that adequate antibacterial concentrations are achieved
in these areas.22 The systemic disposition of drugs and
drug penetration into lung tissue could differ in patients
with pneumonia compared with healthy volunteers be-
cause of inflammation and/or the presence of bacteria
in the lungs.23 Therefore, the objectives of this work
were to use a PK data set that includes data from the
recently completed ASPECT-NP phase 3 study18,19 and
2 phase 1 lung penetration studies (in healthy adult
participants and in critically ill adult patients with
confirmed or suspected pneumonia)22,24 to: (1) update
ceftolozane and tazobactam population PK models to
describe ceftolozane and tazobactam plasma disposi-
tion in patients with HAP/VAP21; (2) describe the ELF
disposition of both agents in patients with HAP/VAP;
and (3) evaluate the impact of pneumonia and other
factors that contribute to the observed ceftolozane
and tazobactam PK variability in adult patients with
HAP/VAP.

Methods
Data Sources
Population PK analyses were performed using data
from a total of 16 completed clinical trials (11 phase
1, 2 phase 2, and 3 phase 3 studies; Supplemental
Table S1). All study protocols were reviewed and ap-
proved by the respective institutional review boards
for each study (Supplemental Table S2), and each was
conducted in accordance with Good Clinical Practice
guidelines, the Declaration of Helsinki, and other local
regulations.

Study participants received different dosing regi-
mens of ceftolozane and/or tazobactam depending on
the objectives of each clinical trial; dosing was 0.25 to
3.0 g for ceftolozane and 0.25 to 1.5 g for tazobactam.
Ceftolozane was administered alone, or in combination
with tazobactam as a single 1-hour intravenous infusion
or multiple intravenous infusions every 6, 8, 12, or 24
hours. Similarly, tazobactam was administered alone
or in combination with ceftolozane as a single 1-
hour intravenous infusion. Ceftolozane and tazobac-
tam concentrations in plasma and ELF samples were
determined using validated liquid chromatography-
mass spectrometry assays.21,25 Samples with missing
concentration data (<0.15%) were excluded from the
analysis. Concentrations deemed aberrant on visual
checks or those associated with conditional weighted
residuals (CWRES) with interaction≥ 6 were identified
as potential outliers and excluded. The final plasma
data set contained 8330 observations from 968 par-
ticipants for ceftolozane and 5679 observations from
835 participants for tazobactam. Of these, 1481 and
1455 ceftolozane and tazobactam plasma observations,
respectively, were obtained from 305 adult patients
participating in the ASPECT-NP study (MK7625A-
008, Supplemental Table S1). ELF data were obtained
from 2 phase 1 studies: 1 study was conducted in
healthy volunteers (CXA-ELF-10-03)22 and the other
in critically ill patients with confirmed or suspected
pneumonia (CXA-ICU-14-01).24 In addition to plasma
samples, these 2 studies collected bronchoalveolar
lavage samples to measure ceftolozane and tazobactam
concentrations in ELF from each patient at 1 of 5
predefined times (1, 2, 4, 6, or 8 hours after the start
of infusion). In total, the ELF data set contained 47
observations from 47 participants for ceftolozane and
42 observations from 42 participants for tazobactam.
A brief description of each completed study and the re-
spective drug administration and PK sampling schemes
is provided in Supplemental Table S1.

Methodology
All exploratory data analyses were performed using
SAS software (version 9.4; SAS Institute, Inc., Cary,
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North Carolina), KIWI software (version 2; Cognigen
Corporation, Buffalo, New York), and Perl-speaks-
NONMEM software (version 4.4.0; Uppsala Univer-
sity, Uppsala, Sweden). Models were developed using
NONMEM software (version 7.3.0; ICON Develop-
ment Solution, North Wales, Pennsylvania). Model
evaluation criteria included successful model conver-
gence, reasonable parameter estimates with adequate
precision, typical goodness-of-fit (GOF) diagnostic
plots, and other diagnostics such as η-shrinkage and
simulation-based visual predictive checks (VPCs) where
appropriate.26

Population PK Modeling of Ceftolozane and Tazobactam
in Plasma
A 2-compartment model with first-order elimination
that was developed in a previous analysis for another
indication21 was selected as the base structural model
for both ceftolozane and tazobactam. Interindivid-
ual variability (IIV) was modeled as log-normal in
model parameters, and residual variability wasmodeled
with a proportional variance model. The correlation
between covariates was examined in an exploratory
analysis before covariate analysis to avoid potential
multicollinearity. Body weight, race, infection type, and
renal function were selected for covariate analysis. Be-
cause each individual race category other than white or
Japanese represented <10% of the overall population,
race was categorized as white, Japanese, or other. Infec-
tion type comprised cUTI, cIAI, pneumonia, and other
infection. The patients categorized as “other infec-
tion” were from the augmented renal clearance cohort
of study MK-7625A-007 (Supplemental Table S1), in
which CrCL was calculated using the Cockcroft-Gault
equation. Although other infections comprised 1.0%
of the overall population, this covariate was retained
for assessment, as it represented a separate pathological
state. Only 1 covariate was selected for evaluation when
multiple covariates were found to be highly correlated
(r > 0.6), based on its likelihood of physiological
plausibility or the degree of correlation from univariate
analyses.

Covariate analysis was performed using a forward
selection, backward elimination approach. During the
forward selection step, covariates resulting in a sta-
tistically significant decrease (α = 0.01 for the χ2

distribution) in the objective function value (OFV) and
a ≥5% reduction in IIV in the parameter of interest
were added sequentially. In the backward elimination
process, nonsignificant covariates were removed one at
a time, which was repeated until all remaining covari-
ates were significant (defined as a change in the OFV;
α = 0.001 for the χ2 distribution when removed from
the model). The resultant multivariable model with all
significant covariates was then refined and evaluated for

any remaining biases in the IIV and residual variability
error models. Plots relating the remaining unexplained
variability in each parameter versus each covariate were
constructed to ensure no remaining trends. We also
explored alternative additive and proportional residual
error models.

Previously, ceftolozane and tazobactam pharma-
cokinetics were evaluated in 6 patients with end-stage
renal disease (ESRD) who received C/T during and
after hemodialysis (HD), and the population PK mod-
eling results were presented.27 The PK data included
in this analysis were collected when the patients re-
ceived C/T after HD. During the model refinement
step, it was determined that the continuous function
describing the relationship of CL and CrCL was
not sufficient to adequately characterize the PK of
ceftolozane and tazobactam in these 6 ESRD pa-
tients. Therefore, an additional effect of ESRD on
ceftolozane and tazobactam CL and Vc as a categorical
covariate was included. The effects of HD during an
HD session were not reevaluated in the current study,
assuming that if plasma PK was described equally
well in both models, the effect of HD would remain
unchanged.

We evaluated the adequacy of the final model using
VPC or prediction-corrected VPC methodology.28 Us-
ing NONMEM, the final model was used to simulate
enough replicates of the analysis data set to achieve
≥ 1000 participants overall, or 1000 participants per
stratum when the VPC was stratified by renal function
status. Statistics of interest were calculated from the
simulated and observed concentration data sets (5th,
50th [median], and 95th percentile distributions) and
plotted versus time to assess visually the concordance
between both sets. Percentages of observed data falling
above or below the simulation-based prediction interval
were calculated.

Population PK Modeling of Ceftolozane and Tazobactam
in ELF
The components of the population PK models
describing ceftolozane and tazobactam disposition
in ELF were informed by ELF concentration-time
profiles from 2 phase 1 intrapulmonary PK studies
(discussed above and in Supplemental Table S1).
The ELF components of the models were combined
with the plasma components of the models to fit
simultaneously available plasma and ELF data. When
the ELF-plasma model was developed, the data from
ASPECT-NP were not available. Therefore, the plasma
component was informed by the pooled PK data
without the phase 3 studies (MK-7625A-013, MK-
7625A-014, and MK-7625A-008). The model structure
for the plasma component was consistent with the
final plasma model described above (data not shown).
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Table 1. Summary of Baseline Demographic Characteristics of Participants Included in the Population Pharmacokinetic Analysis Data Set of 16 Studies

Ceftolozane (n = 968) Tazobactam (n = 835)

Baseline Characteristic Overall Population (n = 968) ASPECT-NP (n = 305) Overall Population (n = 835) ASPECT-NP (n = 305)

Age, years
Mean (SD) 53.2 (19.7) 59.8 (16.6) 53.9 (19.6) 59.8 (16.6)
Range 18.0–98.0 18.0–98.0 18.0–98.0 18.0–98.0

Body weight, kg
Mean (SD) 74.7 (17.8) 81.5 (17.4) 74.5 (18.0) 81.4 (17.4)
Range 33.5–173.0 42.0–150.1 33.5–150.1 42.0–150.1

CrCL, mL/min
Mean (SD) 109.9 (56.7) 124.1 (70.3) 111.9 (59.5) 124.1 (70.3)
Range 6.3–531.3 14.9–531.3 6.3–531.3 14.9–531.3

CrCL clinical cutoffs (central lab), n (%)
>50 mL/min 884 (91.3) 269 (88.2) 751 (89.9) 269 (88.2)
30 to 50 mL/min 60 (6.2) 25 (8.2) 60 (7.2) 25 (8.2)
15 to 29 mL/min 17 (1.8) 10 (3.3) 17 (2.0) 10 (3.3)
<15 mL/min 7 (0.7) 1 (0.3) 7 (0.8) 1 (0.3)

Infection, n (%)
Healthya 277 (28.6) 0 (0.0) 217 (26.0) 0 (0.0)
cUTI 176 (18.2) 0 (0.0) 103 (12.3) 0 (0.0)
cIAI 174 (18.0) 0 (0.0) 174 (20.8) 0 (0.0)
Pneumonia 331 (34.2) 305 (100.0) 331 (39.6) 305 (100.0)
Other infection 10 (1.0) 0 (0) 10 (1.2) 0 (0.0)

Race, n (%)
White 640 (66.1) 258 (84.6) 520 (62.3) 258 (84.6)
Japanese 210 (21.7) 0 (0.0) 210 (25.1) 0 (0.0)
Other 118 (12.2) 47 (15.4) 105 (12.6) 47 (15.4)

Sex, n (%)
Male 583 (60.2) 226 (74.1) 510 (61.1) 226 (74.1)
Female 385 (39.8) 79 (25.9) 325 (38.9) 79 (25.9)

cIAI, complicated intra-abdominal infection; CrCL, creatinine clearance; cUTI, complicated urinary tract infection.
a
Included patients with renal impairment without infection.

Three ELF structural models (Supplemental Figure S1)
were evaluated to describe drug disposition in ELF.
Model 1 assumed instantaneous equilibrium between
the plasma and ELF compartments and included a
partition coefficient parameter. Model 2 assumed an
ELF compartment with mass transfer between the
plasma and ELF compartments, and model 3 was a
hypothetical link model without mass transfer and
assumed an influx rate constant from plasma-to-ELF
compartments (K1E), an elimination rate constant from
the ELF compartment (KE0), and that V3 was equal to
V1. An exploratory data analysis suggested that plasma
andELFdataweremore variable in critically ill patients
with confirmed or suspected pneumonia compared
with healthy participants.22,24 As a result, the base
structural models for ceftolozane and tazobactam were
refined further by estimating IIV with K1E separately
for healthy participants and patients with pneumonia.
We evaluated predictive performance of the final
ELF models using a simulation-based VPC method. In
addition, the percentages of observed data falling below
or above the simulation-based prediction interval were
calculated.

Results
Characteristics of Analysis Population
In this analysis, previously developed adult plasma
PK models21 were refined using an expanded data
set of 16 clinical studies, including studies with data
from adult patients with pneumonia. The final adult
ceftolozane plasma data set included 277 healthy par-
ticipants (28.6%), 176 patients with cUTI (18.2%), 174
patients with cIAI (18.0%), 331 patients with pneu-
monia (34.2%), and 10 patients with other infections
(1.0%; MK-7625A-007, group 2; Table 1 and see Sup-
plemental Table S1 for study description). The final
tazobactam plasma data set that includes demographic
data, infection type, and renal function estimated as
CrCL (calculated using the Cockcroft-Gault formula29)
is summarized in Table 1.

As in the previous analysis,21 postdose concentra-
tions below the lower limit of quantitation (LLOQ)
were omitted. In the current plasma data set, 5.2% of
the postdose ceftolozane plasma samples and 23.3%
of the postdose tazobactam plasma samples were be-
low the LLOQ, with 0.2% of the ceftolozane plasma
samples and 2.6% of the tazobactam plasma samples
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in the ASPECT-NP study below the LLOQ. The ELF
data comprised 1 sample from each of 51 participants
who received C/T, with 47 and 42 quantifiable obser-
vations for ceftolozane and tazobactam, respectively.
Among participants with ELFdata, 53.2%were healthy
participants, and 46.8% were critically ill patients with
confirmed or suspected pneumonia.

Population PK Analysis for Ceftolozane and Tazobactam
in Plasma
The previously developed population PK models for
ceftolozane and tazobactam are 2-compartment mod-
els with first-order elimination.21 These models were
used as base structural models for analysis of the
current data set and adequately described the plasma
concentration-time data for both ceftolozane and
tazobactam. During the stepwise covariate analysis, the
effect of baseline CrCL on CL was assessed using a
power function with an estimated exponent on CL, and
the effect of body weight (relative to a 70-kg adult) was
evaluated as an allometric function on Vc and volume
of distribution in the peripheral compartment (Vp)
parameters with an estimated exponent. Categorical
covariates (ie, race and infection type) were evaluated
using a proportional model on CL, Vc, and Vp.

During model refinement, the ceftolozane and
tazobactam plasma models underpredicted concentra-
tions in patients with ESRD, despite the inclusion of
baseline CrCL as a covariate on CL. Therefore, we
performed a sequential assessment of the inclusion
of ESRD as an additional categorical covariate on
CL and Vc. The inclusion of the effect of ESRD on
CL improved model fitting for patients with ESRD
for both agents, with good precision (relative standard
error [RSE], <11.7% for ceftolozane, and <14.6% for
tazobactam) and significantly reduced OFV (P < .001)
for ceftolozane. Therefore, the additional effect of
ESRD on CL and Vc was included in the final models
for both drugs.

Identified outliers were evaluated through a sensi-
tivity analysis. Inclusion of all outliers substantially
affected many of the final parameter estimates for
ceftolozane and significantly increased (by 121.2%)
the correlation between IIV in CL and IIV in Vc for
tazobactam. Therefore, the identified outliers were not
included in the final models.

As anticipated, baseline CrCL was a significant co-
variate on CL for ceftolozane. In patients with ESRD,
ceftolozane CL was reduced by an additional 68%, in
addition to the decrease associated with reduced CrCL,
compared with patients without ESRD. ESRD was
also associated with 30.0% higher Vc compared with
patients without ESRD. The effect of body weight was
significant on Vc and Vp, with estimated exponents
of 0.684 and 0.484, respectively. Types of infection

were found to be significant covariates on Vc. Notably,
pneumonia was associated with a 100% increase in
Vc compared with healthy participants. No significant
differences in the PK of ceftolozane were observed
based on race.

In the final plasma PK model for ceftolozane (Ta-
ble 2), all fixed- and random-effect parameters were
estimated with good precision (fixed effects, ≤16.3%
RSE; random effects, ≤17.8% RSE) except for IIV in
Vp. VPCs for ceftolozane demonstrated good agree-
ment between the observed and predicted values in
patients with pneumonia. The median, 5th, and 95th
observed percentiles were generally contained within
the 95% confidence interval of the predicted profiles
(Figure 1, Supplemental Figure S2), and the percent of
data below and above the 90% prediction interval was
5.1% and 7.5%, respectively. The agreement was consis-
tent in groups with various renal functions, including
impaired or augmented renal clearance (CrCL >150
mL/min; Figure 2, Supplemental Figure S3).GOFplots
showed random distribution of residuals around zero
without apparent trends with time or concentration.
As with the VPC, the observed and model-predicted
concentrations were generally in good agreement
(Figure 3).

As with ceftolozane, baseline CrCL was a signifi-
cant covariate on CL for tazobactam (CL decreased
as CrCL decreased), with an exponent of 0.623. In
patients with ESRD, tazobactam CL was reduced by
an additional 37.4%, in addition to the decrease as-
sociated with reduced CrCL, compared with patients
without ESRD; Vc was decreased by 25.1% com-
pared with patients without ESRD. However, ESRD
did not significantly impact Vp in our analysis. Body
weight also significantly affected Vc and Vp, with
estimated exponents of 0.629 and 0.530, respectively.
Pneumonia was a significant covariate on tazobactam
Vc (117% higher vs healthy participants), whereas
cUTI and cIAI were significant covariates on Vp (25%
and 34% higher, respectively). No significant differ-
ences in the PK of tazobactam were observed based
on race.

Similarly, all fixed- and random-effect parameters
were estimated with good precision in the final plasma
PK model for tazobactam (≤20% RSE for fixed and
random effects), except for IIV in Vp and covariance
between IIV in Vc and IIV in CL (54.7% RSE and
33.3%RSE, respectively; Table 2). The VPC plot for the
tazobactammodel showed that the percent of observed
data above and below the 90% prediction interval was
3.52% and 8.65%, respectively, in adult patients with
pneumonia (Figure 1). GOF plots created for adult
patients with pneumonia (Figure 3) suggested that the
model fit the observed data well, with no obvious trends
with time or tazobactam concentration.
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Table 2. Final Parameter Estimates and Standard Errors for the Population Pharmacokinetic Adult Plasma Models With Nosocomial Pneumonia Data
for Ceftolozane and Tazobactam

Ceftolozane Tazobactam

Final Parameter Estimate IIVa/RV Final Parameter Estimate IIVa/RV

Parameter
Typical
Value %RSE Magnitude %RSE

Typical
Value %RSE Magnitude %RSE

CL
Systemic CL, L/h 4.84 1.66 36.1% CV 8.19 16.6 1.80 53.1% CV 11.0
Exponent of (CrCL/100) for CL 0.701 4.32 0.623 6.42
Fold-change in CL for ESRD 0.320 10.9 0.626 14.6
Fold-change in CL for cUTI 1.18 2.99 — —
Fold-change in CL for cIAI 1.43 2.99 — —

Vc

Vc, L 9.23 1.83 42.9% CV 16.5 13.1 1.96 38.7% CV 19.1
Fold-change in Vc for cUTI 1.25 3.52 — —
Fold-change in Vc for cIAI 1.59 4.97 1.49 3.70
Fold-change in Vc for pneumonia 2.00 3.29 2.17 4.46
Fold-change in Vc for other
infections

2.14 14.8 2.49 16.5

Exponent of (WTKG/70) for Vc 0.684 9.69 0.629 10.7
Fold-change in Vc for ESRD 1.30 11.7 0.749 11.0

Q, L/h 3.13b 6.93 NE NA 4.05 3.81 NE NA
Vp

Vp, L 4.78b 3.24 15.1% CV 57.8 4.89 2.59 19.4% CV 54.7
Fold-change in Vp for cUTI — — 1.25 4.27
Fold-change in Vp for cIAI — — 1.34 4.57
Fold-change in Vp for pneumonia — — 2.06 8.89
Exponent of (WTKG/70) for Vp 0.484 16.3 0.530 14.4

cov (IIV in Vc, IIV in CL)c 0.073 17.1 NA NA 0.071 33.3 NA NA
RV proportional 0.025 7.20 100%-15.7%

CVd

F (1-200
μg/mL)

NA 0.081 7.09 28.5% CV NA

RV additive 0.010 17.8 0.099 SDd NA — —
Minimum value of the objective
function

32902.3 11256.8

%RSE,relative standard error expressed as a percentage;cIAI,complicated intra-abdominal infection;CL,clearance;cov,covariate;CrCL,creatinine clearance;cUTI,
complicated urinary tract infection;CV, coefficient of variation; ESRD, end-stage renal disease; F, individual predicted ceftolozane concentration; IIV, interindividual
variability; NA, not applicable; NE, not estimated;OINF, other infection types;Q, intercompartmental clearance; RV, residual variability; Vc, volume of distribution
of the central compartment; Vp, volume of distribution of the peripheral compartment;WTKG, body weight (kg).
Parameter-covariate relationships for ceftolozane were described as:
CL = 4.84 × ( CrCL100 )

0.701 × 1.18cUTI × 1.43cIAI × 0.32ESRD

Vc = 9.23 × (WTKG
70 )0.684 × 1.25cUTI × 1.59cIAI × 2.00Pneumonia × 2.14OINF × 1.30ESRD

V p = 4.78 × (WTKG
70 )0.484

Parameter-covariate relationships for tazobactam were described as:
CL = 16.6 × ( CrCL100 )

0.623 × 0.626ESRD

Vc = 13.1 × (WTKG
70 )0.629 × 1.49cIAI × 2.17Pneumonia × 2.49OINF × 0.749ESRD

V p = 4.89 × (WTKG
70 )0.530 × 1.25cUTI × 1.34cIAI2.06Pneumonia

Note: Other infections included critically ill adult patients from study MK-7625A-007.
a
Eta shrinkage: eta_CL, 1.76%; eta_Vc, 9.27%; eta_Vp, 55.8%.

b
The following parameter estimates were found to be highly correlated (r ≥ 0.924): Vp and Q.

c
The calculated correlation coefficient (r) of the off-diagonal omegas was 0.474 for cov (IIV in Vc, IIV in CL).

d
The RV (%CV) was calculated using the following equation:

√
F2×0.0248+0.00984

F × 100.

Population PK Analysis for Ceftolozane and Tazobactam
in ELF
We tested 3 models for ceftolozane and tazobactam
in ELF (Supplemental Figure S1). Model 1, which in-
corporated a time-independent partition coefficient or
various forms of time-dependent partition coefficients,

resulted in poor fitting to ELF data, ill-conditioning
(condition number > 1000), or an implausible estimate
for the ELF partition coefficient. Similarly, model 2,
which incorporated an estimated volume of the ELF
compartment with or without separate residual vari-
ance for ELF and plasma data or fixed volume of
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Figure 1. Visual predictive check (VPC) plots on logarithmic scale for the updated population plasma pharmacokinetic models for ceftolozane (A)
and tazobactam (B) in adult patients with nosocomial pneumonia. CI, confidence interval.

the ELF compartment, resulted in poor fitting to ELF
data, a minimum of 20% change in at least 1 fixed-
effect plasma model parameter compared with that in
the PK models for plasma alone, a large condition
number (>1000), or a negligible estimate of residual
variance for ELF. Model 3, the hypothetical link model
with K1E and KE0 describing the influx and elimination
from the ELF compartment, best described ELF drug
concentration-time data and was selected as the struc-
ture for ceftolozane and tazobactam ELF base models.

The estimation of separate pneumonia effects on
K1E and KE0 resulted in high correlation between the
pneumonia-effect parameters on K1E and KE0 (r2 of
0.976 for ceftolozane and of 0.842 for tazobactam),
which suggests overparameterization in the model. In
addition, the pneumonia effects onK1E andKE0 were in
the same direction and of approximately similar mag-
nitude. For these reasons, the effect of pneumonia on
K1E andKE0 was estimatedwith 1 parameter explaining
the pneumonia effect on both K1E and KE0 during the
subsequent model development step.

For both agents, higher IIV in K1E was estimated
with good precision in patients with pneumonia (Ta-
ble 3) and was therefore modeled separately from
the healthy participants. During the covariate analysis
backward elimination step, pneumonia was found to
be a significant predictor (P < .05) for K1E and KE0

for ceftolozane but not tazobactam; however, the effect
of pneumonia on K1E and KE0 for tazobactam was
retained based on the observed delayed ELFmaximum
plasma concentration (2 hours) compared with healthy
participants (1 hour).22,24

The final ceftolozane and tazobactam ELF dis-
position models were the plasma models described
above with a hypothetical ELF compartment linked
to the plasma compartment. Final estimates of the
typical values of K1E and KE0 were 0.808/h and 1.56/h,

respectively, for ceftolozane and 0.262/h and 0.691/h,
respectively, for tazobactam (Table 3). All fixed- and
random-effect parameters were estimated with good
precision, except for the pneumonia effect on K1E and
KE0 (44% RSE for both ceftolozane and tazobactam).
For the ELF data, GOF plots showed symmetric distri-
bution of residuals around 0, with CWRES distributed
within a range of –2 to 3 for ceftolozane and –1 to 2
for tazobactam. Model-predicted concentrations were
in good agreement with the observed concentrations
(Figures 4 and 5).

Discussion
This report describes the population PK of ceftolozane
and tazobactam in plasma and ELF of patients
with pneumonia, including those with varying de-
grees of renal function. This analysis expanded on
initial population PK models focused on patients with
cUTI/cIAI.21 The recent completion of the phase 3
pivotal ASPECT-NP trial allowed for expansion of the
data set and further model refinement of plasma pro-
files for ceftolozane and tazobactam in adults, as well as
for a robust assessment of the impact of pneumonia on
the PK of ceftolozane and tazobactam in adult plasma.
In addition, the inclusion of 2 phase 1 studies that
collected ELF and plasma samples from both healthy
participants and critically ill patients with confirmed or
suspected pneumonia allowed for an analysis of factors
that could contribute to the plasma-to-ELF ratios
reported in previous population PK analyses.17,22,30,31

An analysis describing the population PK of
ceftolozane and tazobactam was previously conducted
in healthy participants and patients with cUTI and
cIAI.21 However, the presence of bacterial infection
or inflammation in the lungs may alter the systemic
disposition of drugs, as well as drug penetration into
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Figure 2. Visual predictive check (VPC) plots for the updated population plasma pharmacokinetic models on a logarithmic scale by non-ESRD renal
function groups—(A) ceftolozane; (B) tazobactam—and by ESRD renal function group—(C) ceftolozane; (D) tazobactam. Renal function groups are
as indicated. CI, confidence interval; CrCL, creatinine clearance; ESRD, end-stage renal disease.
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Figure 2. Continued
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Figure 2. Continued

lung tissue.23 Consistent with the previous analyses,21

a 2-compartment model with first-order elimination
best described the plasma concentration-time data for
both ceftolozane and tazobactam, with modest IIV
on CL and Vc for both drugs. We confirmed the
robustness of the developed models by VPC diag-
nostics and GOF plots. All fixed- and random-effect
parameters were estimated precisely, with the exception
of the IIV on Vp (57.8% RSE for ceftolozane and
54.7% RSE for tazobactam), which may be because of
the presence of sparse data from phase 2 and phase
3 studies.

In the expanded adult plasma PK models with
pneumonia data included, the estimates of typical val-
ues and between-patient variability for PK parameters
(CL, Vc, Vp, and intercompartmental CL) were gener-
ally comparable to those in the previously developed
plasma PK models.21 As anticipated, CrCL was a
significant covariate on CL, with estimated exponents
of 0.701 for ceftolozane and 0.623 for tazobactam.
These relationships are consistent with both agents
being primarily eliminated via renal excretion and CL
expected to decrease with increasing impairment of
renal function.20 It is noted that in the ASPECT-NP
study, extracorporeal membrane oxygenation (ECMO)
was not prohibited. However, data on ECMO use was
not required to be collected and therefore was not
incorporated into the analysis. As ECMO could con-
tribute to loss of creatinine, this could potentially add
to the uncertainty of CL estimates for ceftolozane and
tazobactam. In contrast to the previously developed
models, body weight was not independently identified
as a significant covariate on CL for ceftolozane or
tazobactam, which is likely because body weight was
partially accounted for in theCockcroft-Gault equation
for CrCL. Race was not a significant covariate on
ceftolozane or tazobactam PK parameters, consistent
with the previously developed models.21

In addition to the effect of CrCL on the CL of
ceftolozane and tazobactam, the effect of ESRD was
required as an additional covariate on CL and Vc

for both agents to adequately describe the plasma
PK following administration of C/T in patients with
ESRD. When factoring in both the covariate effects
of CrCL and ESRD, the models estimated the CL of
ceftolozane and tazobactam to be 68.0% and 37.4%
lower, respectively, in patients with ESRD compared
with healthy participants. In addition, the estimated Vc

of ceftolozane was 30.0% higher and the Vc of tazobac-
tam was 25.1% lower in patients with ESRD compared
with healthy participants. The effect of ESRD on CL
and Vc was not unexpected, as the Cockcroft-Gault
equationmay overestimate CrCL in ESRD,32 and other
underlying pathophysiological changes associated with
severe renal impairment have been reported to alter
drug distribution volume.33 However, we do not have
a physiological or pathophysiological explanation for
the difference in the direction of volume change (with
increased ceftolozane and decreased tazobactam) for
the 2 drugs.

In the United States, NP continues to be the most
common hospital-acquired infection.3,4 Although sig-
nificant efforts have been made to develop novel β-
lactam/β-lactamase inhibitor combinations to treat
patients with NP, to our knowledge, the impact of
pneumonia on the population PK of β-lactam/β-
lactamase inhibitor combinations has only been re-
ported in 1 other publication.34 In our final ceftolozane
and tazobactam plasma population PK models, pneu-
monia did not significantly influence ceftolozane or
tazobactam CL. In contrast, compared with healthy
participants, ceftolozane and tazobactam Vc (100%
and 117%, respectively) and tazobactam Vp (106%)
were higher in patients with pneumonia. The effects
of pneumonia on ceftolozane and tazobactam PK
parameters were consistent with the effects of severe
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Figure 3. Goodness-of-fit plots for the updated population plasma pharmacokinetic models in adult patients with nosocomial pneumonia.Plots shown
for ceftolozane and tazobactam include observations (A) versus population-predicted concentrations (B), observations (C) versus individual predicted
concentrations (D, respectively), conditional weighted residuals (E) versus population predictions (F), and conditional weighted residuals (G) versus
time since previous dose (H).

infection/sepsis on the PKof other β-lactams.35 Consis-
tent with our covariate analysis, a recent publication on
the β-lactam/β-lactamase inhibitor combination cef-
tazidime and avibactam demonstrated that pneumonia
was a clinically relevant covariate on Vc, but not on
CL, for both agents. This was not unexpected because
the pathogenesis of infection and mechanical venti-
lation, among other factors, likely leads to expanded
distribution of hydrophilic β-lactams and β-lactamase
inhibitors.36 The increased volumes of distribution are

expected to result in a lower maximum plasma concen-
tration. It is well established that the percent of time
that unbound drug concentrations are above the min-
imum inhibitory concentration (%fT>MIC) best pre-
dicts antibacterial activity for β-lactams, whereas the
percent unbound drug area under the concentration-
time curve relative to MIC or %fT above a thresh-
old concentration has been reported as the PK/PD
index for β-lactamase inhibitors.37,38 Therefore, the
exact effect of pneumonia on the expected activity of
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Table 3. Parameter Estimates and Standard Errors of the Ceftolozane and Tazobactam Population Pharmacokinetic Model for ELF Data

Ceftolozane Tazobactam

Final Parameter Estimate IIV/RV Final Parameter Estimate IIV/RV

Parameter Typical Value %RSE Magnitude %RSE Typical Value %RSE Magnitude %RSE

K1E, rate constant for
disposition from
plasma to ELF (/h)

0.808 11.6 39.6% CVa

81.2% CVb
28.1a

46.0b
0.262c 30.6 65.5% CVa

84.4% CVb
23.9a

34.5b

KEO, rate constant for
elimination from
ELF (/h)

1.56 8.97 NE NA 0.691c 25.1 NE NA

Pneumonia on K1E

and KEO

(proportional)

0.034 44.0 NA NA 0.479 44.0 NA NA

RV proportional 0.025 12.7 92.7%-15.8% CVd NA 0.055 12.3 23.4% CV NA
RV additive 0.008 21.4 F (0.1-100 μg/mL) — —
Minimum value of the
objective function

20934.2 5258.2

%RSE, relative standard error expressed as a percentage; cov, covariate; CV, coefficient of variation; ELF, epithelial lining fluid; F, individual predicted ceftolozane
concentration; IIV, interindividual variability; K1E, rate constant for disposition from plasma to ELF;KE0, rate constant for elimination from ELF;NA, not applicable;
NE, not estimated; RV, residual variability.
Parameter-covariate relationships for ceftolozane were described as:
TVK1E = 0.808 × 0.0339Pneu

TVKE0 = 1.56 × 0.0339Pneu

Parameter-covariate relationships for tazobactam were described as:
TVK1E = 0.262 × 0.479Pneu

TVKE0 = 0.691 × 0.479Pneu
a
Healthy participants.

b
Patients with pneumonia.

c
The following parameter estimates were found to be highly correlated (r2 ≥ 0.810): K1E and KE0.

d
The RV (%CV) for ceftolozane was calculated using the following equation:

√
F2×0.0249+0.00834

F × 100.

β-lactam/β-lactamase inhibitor combinations will need
to be determined on a case-by-case basis.

The hypothetical link compartment models ade-
quately described ceftolozane and tazobactam plasma
and ELF data simultaneously. The link models as-
sumed that the amount of drug transferred to the ELF
compartment did not affect plasma disposition.39 This
assumption seemed to work reasonably with previously
observed ceftolozane and tazobactam lung penetration
ratios of 50% and 62%, respectively.24 In addition, the
current models described the plasma and ELF data
adequately with no obvious biases observed.

β-Lactams demonstrate varying degrees of lung
penetration, which may differ between healthy partic-
ipants and patients with pneumonia.40 Our analysis
indicated that the typical values from plasma to ELF
(K1E) and ELF elimination (KE0) were 0.808/h and
1.56/h, respectively, for ceftolozane, and 0.262/h and
0.691/h, respectively, for tazobactam. These values are
approximately 97% and 52% lower for ceftolozane and
tazobactam, respectively, in patients with pneumonia
compared with healthy participants. A large IIV for
both agents was also observed in K1E among patients
with pneumonia. The IIV in K1E for ceftolozane and
tazobactam in patients with pneumonia was 81.2%

and 84.4% CV, respectively, compared with 39.6% and
65.5% CV in healthy participants. This may largely
be a result of the limited ELF data from a small
number of patients (1 ELF sample per patient for 22
patients) in the analysis. Therefore, IIV in K1E and its
representation to the true between-patient variability in
lung penetration of ceftolozane and tazobactam should
be interpreted with caution.

This analysis has some limitations. First, several
assumptions were made on the normality of random
effects and the structure of variance.41 In addition,
covariates were assumed to remain at their baseline
values. This assumption would be reasonable for most
covariates assessed in this analysis, such as race and
infection type, but may not always be appropriate for
CrCL in patientswhose renal functionmay undergo sig-
nificant changes over the course of treatment. Finally,
ESRD patients were excluded in ASPECT-NP, and the
effect of ESRD on CL and Vc was established based on
limited information from 6 participants.

Conclusions
This analysis expanded the previously available
population plasma PK models of ceftolozane and
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Figure 4. Visual predictive check (VPC) plots for the epithelial lining fluid (ELF) population pharmacokinetic models for ceftolozane and tazobactam
on a logarithmic scale. Plots shown include healthy participants—ceftolozane (A), tazobactam (B)—and adult patients with pneumonia—ceftolozane
(C), tazobactam (D). CI, confidence interval.

Figure 5. Goodness-of-fit plots for the epithelial lining fluid (ELF) population pharmacokinetic models for ceftolozane (left side) and tazobactam
(right side). Plots shown include observations versus population-predicted concentrations for ceftolozane (A) and tazobactam (C), observations
versus individual predicted concentrations for ceftolozane (B) and tazobactam (D), conditional weighted residuals versus population predictions for
ceftolozane (E) and tazobactam (G), and conditional weighted residuals versus time since previous dose for ceftolozane (F) and tazobactam (H).
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tazobactam21,27 and characterized the disposition
of both agents in plasma and ELF to understand
the impact of pneumonia on plasma and ELF
PK parameters. We found that 2-compartment
linear models with zero-order input and first-order
elimination appropriately described the concentration-
time profiles for ceftolozane and tazobactam across
infection types and renal function groups. Renal
function, measured by baseline CrCL, was a significant
predictor of the CL for ceftolozane and tazobactam,
and body weight was a significant covariate on
volume of distribution. Although infection type
remained a significant predictor of ceftolozane and
tazobactam PK, pneumonia was not identified as a
significant predictor of ceftolozane or tazobactam
CL; Vc for ceftolozane, Vc for tazobactam, and Vp

for tazobactam were 100%, 117%, and 106% higher,
respectively, in patients with pneumonia compared with
healthy participants. A hypothetical link compartment
model in which drug disposition between the plasma
and ELF compartments was described using an
influx rate constant for the hypothetical mass
transfer from the plasma compartment to the ELF
compartment (K1E) and an elimination rate constant
from the ELF compartment (KE0) well-characterized
ELF disposition of ceftolozane and tazobactam.
Lower K1E and KE0 and higher IIV in patients with
pneumonia versus healthy participants were also
observed. These models appropriately described the
observed plasma and ELF profiles in patients and are
considered to be appropriate for stochastic simulations.
These models facilitated subsequent PK/PD analyses
to support the appropriateness of the C/T 3-g dose
given every 8 hours for adult patients with NP.
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